
6/27/96
4

Okwvitions  of Gravit  y Waves  with the LJARS hflicrowavc  1,imb Soumlcr

1 )ong 1.. Wu ad Joe W . waters

N4ail Stop 183-701
Jet l’repulsion 1,aboratmy
(hlifomia lnstitutc of ‘J’c.chnc)logy
4800 oak  Grove IMive
l’asaclcmi,  California91 109
lJ.S.A.



1. lnirodudion

Gmgraphical  and spectral distributions of gravity waves arc crucial for large-sca]c

circulation and local mixing in the atmosphm. 1 m+ of global gravi ty  wave (CiW)

climatology makes it difficulty to quantify the. tot:tl nmmcntanl and energy forcings

con[rjbutcd  by the small-scale ddics. observations of the GW ciistributicms  have been

providcct prcvious]y by various techniques such as ra(iar [Meek ct al. 1985; Vincent and l;ritts

1987; l~ukao  C( al. 1994], lictar  [Wilson ct al. 1991], balloon [Allen and Vincent 1995], rodct

[llirota  1984], aircraft [Nastrom an(i Ciagc  198S] and satellite [} ’ct~cr and (iillc 1994] .

1 lowcvcr, each of these techniques only measure.s waves of certain spatial and tcmjmral

scales. Obscrvations  from radar, ]iclar, balloon and rocket yic.ld goocI temporal and vertical

resolutions usually at onc geographical location whi]c aircraft observations provide good

horizontal  rcso]ution  but for a short period of time. It is difficult in general for space-borne

sensors tc) obtain the same resolutions, but observations c)f GWs at somewhat larger scales arc

fcasib]c,  for example using  sataratcd  rtdianccs fro]n the Upper Atmosphere Research Satellite

(LIARS) Micmwavc  1.imb Sounder (Ml .S) [WLI  and Waters 1996].

Obscrvaticms  from lJARS Ml 3 can provide g,eographica] distributions and seasonal

climatology of small-scale GWS in the middle atmosphuc. “1’hc gravity waves that Ml .S is

sensitive to arc those with re]ativc]y  long (>] () kTn) vertica]  wavc]cngths  ant] thcrcforc  arc of

import:incc  to the nmmcntum budget in the mcsosplIcrc  and ]owcr thcrmosphcrc.  ‘1’hc IJARS

M 1,S, in opcrat  ion since 12 Scptcmbcr  1991, was designed to measure profiles of molecular

alNIIId:IIKCS (03 , CIO, an(l }Iz[)), tcmpcratarc and pmssurc in the middle  a tmosphere  using

thcrnd emission feat urcs near 63, 183 and 205 G}l Y I Waters 1993; Baratb ct al. 1993].

} 10 WCVCI, the saturated radi:inces  from the 63-G] 17. ractiomctcr  channels, csscntiall  y measuring

atnmphcric  tcmpcraturcs at different altitude layers, can bc LIscd for gravity wave study if one

can separate instrument noise and atmospheric tcmpcraturc  variance. ‘1’hc (JARS provides a

:,ood latitudinal covcrasc  ranging from 34” of onr. hcmisphcrc to 800 of the. other, bccausc  the

h41 .S ficlcl  of view is 900 from the (JARS orbital velocity and the c)rbit  is 598 km hi~h with

57” jnc]ination.  ‘1’lIc lJARS makes 10 yaw mancuvcls  each ycaI allowing alternating views of

high latitl)dcs in the two hcnlisphcrcs  with a pcrimlicity  of -36 d:iys. Section 2 provides some

cxaIDplcs of N41 ,S raw racliancc mcasurcmc.nts  whcle gravity wave.s arc evident as cohcrcnt
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patterns among the mcasurcmcnts at diffe.rent allitucics.  ]n section 3 sampling issues and

tcmpcraturc weighting functions ate discussd. Section 4 dc.scribes a variance analysis

tcchniquc  for normal M13 li]l~b-scat~t]ing  ol>scr\’:ltic)IIs  whicbis  usd tonMp[iW activityon  a

]ncmthly  basis. Section 5 (iiscusscs the GW variance maps obt:iined for January and July

l>criocls:ltld:i  clilll:itolo{~y  for 1992/93. SLlll~l]l:iry  :~t-l(l co~lclllsi[Jt~s  arcct~~br:lccd  ir~sectiotl6.
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]~igurc  ]. Ancxanlpleof  Ml,S ~jradiancc  prc)filcs  ncar63  ci]]z, :isthci  IlstI”LIIIlcIlt  step-scans
from the mcsosphere  to the surface. I;luctuatims in the saturated radiances arc generally large
for center channels but small for wing channels due to atmospheric temperature variability ancl
instrument noise.

2. M 1,S 63-GIIz Racliancc  h’lcasuremcnls

‘1’wo scanning mechanisms arc implcmcntcd  in the MI.S operation for atmospheric

samp]illp,:  limb-scanning and limb-tracking. ]n norms] limb-scanning mock the il)Sh’LIIllCIll

stcpscans the atmospheric limb in -65sccmld  sat 2 seconds/stcp from- 90kn~tot }~csllrfacc

prodllcing  increments of -5 kln in the mcsosphcrc  at]d 1-3 km in the stratosphere and

troposphere. l;igurc 1 shows the radiance profiles of a sinSlc sc:in mcasurccl by the 63 (;IIY,

radio nwtcr, which resolves an Oj emission line into 15 spectral channels for rdricving

atlnosphcric tangent pressure and temperature [I;ishbcin  ct al. 1996]. All r:idianccs  arc

saturated when the instrument views tangent hcig])ts below -18 km bcc:tuse  of strong line

absorj)tion.  l<adiance.s near line-center (channel 8) saturate  at higher altitudes than those near

tllclillc-~~~iilg(  cllallllels  1 and 15 that arcsymmctric  about channel 8). ‘]’hc saturated radiance
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is a good measure of atnlosp]lcrjc  tcmJxmturc and dcpencis  little on the tangent height of

poin!ing.  Thus, as the satellite moves alcmg, fluctuations in the saturated radiance actually

reflect atmmphcric  temperature variations in [he horizontal direction. Nevertheless, although

the radiances below -18 km arc saturateci,  they still dcpcnct  weakly and nearly linearly on

pointing. By removing this weak linear trend, one can cjctcct some fluctuations around the

saturatcc] raclianccs.

NiJytt’ 2 .  lJARS/M. .—

90 r
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)cccmbcr  1994 marked by the first
mcasllrcmcnt of” each m:ljor frame (65.5 se.concls).  ‘l’he inset clctails  the set of individual
mcasllrcments in a single major frame with the short lines indicating the orientation of the
temperature. weighting functions (see text). On this clay Ml ,S was preferentially observing the
Northern }Icmispherc.  “l’he ascending portion of Orbits 1 is highlighted with solid lines.

]TI lin]b-tracking  II1OC]C the instrarncnt  usua]]  y tl acks the limb at -18 km tangent height

with the same. 2-seconcl sampling frcc]uency (cquivalcn(  to -15 km horimntal resolution along

the suborbita]  track). Since all 63 Gllz  clIaIIncl  racii:illces  arc c)ptically  thick in the 18-km-

li]nb-tracking observation, the Ml ,S can measure  atn~ospheric temperature all the time with a

g,ood horimnta]  rcsc~lution.  Such a data set is cluitc  Llscfu] fc)r GW stuc]ics. I(igure 2 illustrates

the sampling pattern for the limb-tracking moc]c, showing the Ml ,S suborbital tracks on 28

l)cccInbcr  1994. As clctailecl  in the inset, the atnms[]hcre is sampled by a series of Inoving

aVCIa~,CS  with ccntcrs scparatcc]  by -15 km, while a ]ar~cr g,ap ill ttlc middle is caused by a cJ-

sccond  instrument calibration. ‘J’hc limb-tracking mode was LIse(i nearly  continuously ciaring

23-30 I)cc, 1994,  1 lcb.-2.O Mar. and ‘/-15 Apr. 1995, and schcclulcci for every-third-clay

cq>craticm  since then while h41 ,S is on, (I]cc.ausc of degradation in the (JARS power  systcm,
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(1M jns(rumcnts cm board am now opc.rated in ii time-sharing nmclc).  Racliancw  mcasarcmcnts

froll”l channc]s  ]-2  and ] 4- ] 5 arc not shown hCIE because these channc]s  arc not fu]ty s:ituratcd

at hi#l latitu(im  with the 18-kl~l-lil~~b-tl”acking  moclc  and pointing variations may conl:lminate

the radi:incc variances.
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l’ig,urc 3. Channel 3-8 radiance nmasurclncnts  f[orn the ascending parl of orbit 1 on 28
llxxmbcr  1994.

}~jgurc 3 gives an example of limb-tracking radiance mcasurcmcnts taken cm 28

1 lccc.mbcr  1994, when the raciiance brightness tcmpcraturcs  obscrvccl have large gradients

mar the voricx  cctgc (-40 -50°N) for channels 3-5. ‘1’hc weaker latitudinal gradients jn channel

6-8 radiances suggest that the vor[cx is wcakcnins at altitudes above 50 km. ‘J’hc radiance.

gradient differs from orbit to orbit bccausc  the vor[cx was not z,onally  symmetric at that tim

in the Nor(hcrn  I lcmisphc.rc.  Coherent variations can bc seen in the radiance fluctuations at

cijffcrcnt channels (or altiluc]cs) with scales fron~ hundrccls to thousands of kilometers.

Gution  should  bc. given to the jntcr~mtation  of lar~,c-scale radiance variations from channels

7-8. ‘J’hesc channc]s  aIId channel 9 (not shown in 1 ‘igure 3), close  to the Oj line ccntcr, can

vary by 3-8 K due to the Y,ccman effect associated with 1 iarth’s magnetic field. 1 ]owcvcr,  these

(dllrin~ this observing, day) where the vicwin~ angle changes rapidly  with respect to the

m:qyclic  field lines.
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lti~ure 4, Radiance fluctuations ctcrivccl from 1 ‘i~urc 3 with large-scale (>1 000 km) variations
rcmovecl. Radiance fluctuations of each channel arc dis]JlacccI by 5 K with the channel number
indicated a( the ]eft of each mcasurcmcnt  scrjcs. “J’here arc mom samples  near the turning,
latitudes at 34°S ancl 80°N than clscwhcm.  in the, midctlc portion of the orbit, a 10° latitude
band comsponds  to a distance of -1300 km.

‘Jlc  small-scale fluctuations can bc seen more rc~idil  y in 1 ‘igurc  4 where ]argc-scale

(> 1000 km) variations arc removccl from the radiances in Figure 3. “1’hc filterccl  data in I’igurc

4 arc obtained by diffcre.ncing  the raw and smoothed d:ita (i.e., averages over -1000 km). The

radiance fluctuations from the first ascxmling  orbit show a magnitude of 0.5-3 K at 10’)-300S

over South America where deep convection is known to bc strong during this period.

Oscill:itions  of 1 -2K arc apparent in the mid- and hi~h-]atitudc  Northern } lcmisphcrc, l’hasc

cohmmcc  and amplitude growth with height arc clearly seen at some la(itudcs,  suggesting  tlm

prcscncc  of vcrtical]y  propagating waves, “1’hc 0-30°N  region is relatively quiet where the

fluctuations arc mainly instrument noise,

It should  be. noted that the h41 ,S radiance fluctuations may lar~cly  undcrcstimatc

:itnmphcric  tc.mpcraturc.  v a r i a t i o n s  m a i n l y  b c . c a u s e  of lhc broad vertical and hm’imn(al

weighting functions. ‘J’hc tcmpcraturc  variances arc ty])ically 1-5 Kz in the lower stratosphere

accord in:, to radio sondc  IIIc:ts  LII.cIIIc.I~ts [ Allen and Vincent, 199S] and ] - ]() K2 in the LIppcr

stratosphere from rocket observations [1 lirota, 1984; 1 ickcrmann  ct al., 1994]. Morcovm,  the

pjravity  wave spectra can vary largely with time, hc.ip,l)t, and place,  w}lich aclcls complexity in

interpretation of the radiance fluctuations. ‘1’hc observed magnitude of the radiance
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fluctuations is a rcsu]t of convolutions of wave spectra, wave propagating clirections,

ins(rumcnt  weighting fllncticms, and sampling pat(crns. Aliasing bctwccn  wave amp]itudcs

ml propa~a[ing  directions may give problems to dircct]y  relate the radiance fluctuations 10

(i W pmmctcrs.  To some extent  the CiW information in the h41 S masurcmcnts  is as limitc.ci

as wlm( can be obtained from other techniques. l~cforc wc further discuss the. racliance

ftw[uations,  the instrument weighting func(ions  have to bc more carefully stucliccl.

3. ‘1’cmpcrature Weighting lhnctions

‘J’abk 1. “l’he 63 CiIIY channel parameters
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28 10
33 10
38 10
43 10
48 10
53 10
61 10

(clcgm’
0.07 3.2
0.08 3.9
0.12 4.5
0.18 5.1
0.26 5.6
0.37 6.0
049 6.7

l~i[:ure  5 ‘J’empcrature weighting functions c)f channels
viewing the limb at 18 km (calculatccl by W. G. Read).

1-15 for the Ml .S 63 Ci}Iz, radiometer

instrument spatial rcso]ution

disturbance in the atmosphere. ‘1’hc.

and sampling pat{crns arc kcy to sensing GW-scale

MI .S has unique  tcmpcraturc weighting functions and

sampling schemes that arc suitable for obscrvinpj some small-scale gravity waves. }iigurc  5

dcscribcs  the Ml ,S tcmpcraturc  weighting functions for 18 km tangent height  radianms,

showing eight altitude  lfiycrs (-1()-15 km) where Icmpcraturc is measured by the saturalcd

radiances of different channels. IIccausc  the Ml .S line-of-sight (1 ,0S) direction is

perpendicular to the orbit velocity, hc)ri?,ontal  avcragings  arc -100-300 km cross-track

(Jmrpcndicular  to suborbit  pa[h) due. to radiative transfer through the. limb path, and -30 km

along-track (parallel to suborbit  path) due to the anbmna field-of-view (1OV) smearing. “1’hc

vcrtica] and hori~,ontal  avcragings  will substantia]]y  reduce the magnituc]cs  observed fronl

actual a(mosphcric  tcmpcraturc fluctuations, but tllcy arc still cktcctablc due to low radiometer
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llcJisc  (v:llyingf  rc)ll10  .07 to0,5  K).’l’ablc 1 sunlmari~,cs tllckc.y  ]>:lr:ii~lctcrs  oftI~c tcmpcraturc

weighting functions and thc63  ~l]]7Cha11nC]  noise.

“1’0 undcrstmd  what waves CZIJI be obscrvecl with MIS, one  JllLJSl  consic]cr the 3-

dimcnsional  n:iturc of the tcmpcraturc  wci.ghting functions. Atrnosphcric  waves propagate

vcr(ically as well a s  h o r i z o n t a l l y ,  ancl tl]crcfom tl~c ot>scrvcd amplitude of radiance

fluctllations  ctcpcnds  on orientations of the weighting, function relative to wave propagation

(iircction.  l;igurc. 6 illustrates the MI 3 observing geometry where the temperature weighting

function poses an asymrmtric shape in the vcrlical  ]Jlanc, showing slightly tilting from the

]oca] horizontal  p]am. ]]ccaLJsc of the spatial asylnmetry  of the temperature weighting

functions, the magnitllclc C)f radiance ftuc(uations  observed dcpcJIds  on the anglc bctwccn the

1.0S direction and wave vector. I/or the same wave amplitude, the observed magnitucic  is

larger if the 1,0S dirccticm is aligned more along with wavcfronts.
?OOKM /

lIIE

(a) (b)

11’igtIrc  6 (a) obscrvjng  geometry for h41 .S satura(c.d  racliallccs. (b) I)ctai]cd  weighting
functions in the. saturation region whc.rc the line of sight is indicated by the straight line. ‘]’hc
wcighling  function in a), normal iz,cd by its peak, is contoured at 0.2, 0.4, 0.6 and 0.8 from
edge to ccntcr,  while the line of sight is indicated by (1IC straigh( line.

‘he. hori~,ontal  projection of the. weighting functions js also asymmetric with a width

of -20 km and a length 150-300 km. As illustrated in l;igurc  7, the instrument is more

sensitive to the waves propagating in the. y (along-track) direction duc to larger avcrap)ing  in

the x (1 .0S) ctircction. in other words, waves arc filtered differently in the .x ancl y directions.

As shown in Figure. 8 the response to horizontal wavcnumbcr in the x-direction (k.,) is cut off

at high positive. numbers bccausc  of the lonp, (-200  kin) wcigh(ing  function. 1,ittlc rcspcmscs

at small  and negative wavcnumbcrs  arc duc to the angle pr’c.fcrcncc of the ti]tcd weighting



function which produces severe averaging on the waves with wavcfmnts not parallel to the

1 .0S direction. The response cutoff at small wavcnumbcrs in the y-direction (kY) is CJuc to the

data point truncation that any analysis method must incluclc. “1’hc low rcsJ30nsc for high kx is

caLIscd by the spatial smearing (-15 km) during  the 2-scconcJ  intcgrafion  and the width of the

tcn~J~craturc  weighting function (-20 km).

‘1’hc combination of the spcc[ral  filters in

the x and y directions yields an optimal vicwins

angle and an optimal wavelength for Ml .S to

obsmw  atmospheric waves, ~’his is simply

bccausc  the response functions in ]iigurc 8

Jmovidc spectral constraints in two orthogonal

directions. ‘1’hc two orthogonal Wavcnumbcrs arc

relate.cl by k, =- k COSO and kY =- k sin O , where. k

and O arc (icfinccl in P’ig,ure 7. Figure 9(a) shows

[hc calculated radiance response as a function of

ho~i~,ontal  wave] cngth and observing ang,lc.  1 ‘or

waves with a 10 km vertical wavelength, the

optimal observing angle is -30° bctwccm  the

instmmcnt 10V and wavcfronts,  whi]c the most

observable horizontal wave.length is -100 km.

‘<~ ,,l,S,:,V,NG
IRA(:K

Figure 7. “J’cmperaturc  w e i g h t i n g
functions of the sa(umtccl radiances
projcctcd on the horimntal  p lane .
‘1’hc footprints o f  t h e  wcightirlg
function move across wavefronts
(s}]adecl)  with an angle 0, and k =
2KL.

Bccausc  the. lJARS orbit has an inclination of 57°, the Ml .S is more sensitive to n~cricJionally-

propagating waves Jmar the equator and more sensitive to zoJlally-proJ~ag;~ti!lg  waves near the

orbit tuning  latitudes (I~igurc 2). 1 ;igurc 9(b) gives the maxi mat radiance rcsJmnsc as a

function  of vcrlical wavelength, where poorer sensitivity in sJmllcr  vcrlical  wavelengths is the

direct effect of the. Ml ,S broad vertical weighting functions, ‘]’here shoLIld bc a vertical

wavcJcngth  that is nlost obscrvabJc  if the C;W sJmctrum and dispersion relation arc

CO1]SidCrCC1. 1 ]Owcvcr, the wave sJmc(rum and its climatology arc not W C]] known at J>l”cscnt,

although some theoretical and observational studies suggest that shor[ vcrlical  wave.lcng(hs

(<10 km) may clominatc the waves in the lower atmosphere (< -50 km) while ]ong, (>1 O km)

Wi]vcs, duc to atmosJ~hcric  filtering, are. more inlJJortant in t~)c uJIJm’ atmosphc.rc  [Meek IX a].

1985; Smith et al. 1985].
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Y’igur(’ 8. Racliancc  responses to the horizontal wavcnunhcrs  (a) along ancl (b) cross the track.
“1’hc response function in (a) is a simple convolution of a 6-point (-90 km) truncation
functions and along-track smearing, whi]c the response function (b) is calculated by
convolving the instrument weighting function (}~igure  6b) with a 1 K monochromatic wave
that has a 10 km vctlical wavelcfigth.  For a given vcrlical wtivclcngth,  positive] y propagating
waves have wavcfmnts more parallel to the Ml ,S field of view direction.
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l’igure  9. MI ,S raciiancc response as a function of
a[lglc O and (b) vcrtica] wavc]cngth.  ‘1’hc radianec

5 1 c) 1:> 20 75 30 3 5
V[ ~<llCAl WAVILING,TII (KM)

(b)

(a) hori~onta]  wavelength and observing
responses in (b) corrcspmd  to the peak

value in (a), where the solid (dashccl)  line is for channel 1 (8).

‘1’hc minimal observable wavelength caD bc dctcmincd  from l;igurc  9 if (}]c minimal

dctcctalde.  radiance amplitude or variance is spccificd,  wl]ich depends on the analysis method
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used. Section 4 describes a sim}>lc tmhniquc of variance analysis for Ml .S lin~b-scmning  data,

with which the minimal observable vertical wavclcng(h  is -7 km in a monthly average. ‘J’he

minitnal  detectable variance can be shown to depend  on the number of data points averaged

and the noise level.

4. \Tariance  Analysis

“]’hc method  discussed here is a radiance variance analysis that can bc used to derive

the atmospheric temperature variance from the satul-atccl  radiances measured with the Ml .S

Jimb-scan mode (like one in J;igurc 1), “J”hcrc is a maximum of 6 ccmsccutivc  data points in

the bottom of each scan for a]] channe]s to Jnccl  the saturation rcquircmcnts. A radiance

variance can be calculated from these 6 rile.as~lt’cr~lcl-lts for each channel. “I”hc  radiance, variance

calculated for a give channel contains instrumcl)t  noise ancl atmospheric tcnlJ>craturc

variations from a specified altitude layer as illustrated in 1 ‘igurc  2. Wc interpret the

atmospheric tcmpcraturc fluctuations contributing to the racliance variance as a manifestation

of upward propagating GWS [I]incs 1960]. “l’c) calculate the mcliancc variance, a linear

variation is firstly removed from the 6 racliancc  rmasuremcnts, which accounts for weak

tangcJIt  pressure clcJxmclcncc  or any large-scale wave mc)clulalions.  Subsequently, the

estimated total radiance variance for a given channel, 6’2 , similar to the definition of rcclucccl

chi-square,  is obtaincci by

62 ‘ +$?’, - a’ hzi)2
1- 1

(1)

where }~i and Zi denote, rcspcctivcly,  racliancw measurements ant? tangmt  heights, }%ramctcrs  a

anf] b arc determined from the ]incar’  least sc]uarcs fit to the ~) mcasurcmcnts,  ancl 4 is the.

degree of frcmtom. As wc discussed above, this total radiance variance, 02, is mainly clue to

atnmsphcric  temperature fluctuations, instrument noise ancl other possible error sources such

as rlon-linear terms in the pressure ctcpcnclcncc,  namely,

(2.)

where G ~ is the variance due to instrument noise for the given channel that is known from

instrument calibrations pcrformeci within cac]l limb s c a n . ‘1’hc  non-linear prmsurc

contribution, G ~,,, is small ancl only important for channels 1/1 5 ancl 2/14, and can bc

rcasonab]y  cstimatccl  from radiance models if these channels arc used. As a result, tllc
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2
mmphcm  flucluahcm, oGwf, cm bc. dcrivd  by subtr:icting  G ~ flonl t}lc estinlatc~l  total

ra(l iancc v:iriancc  6’
2. ‘1’hc same procecturc is rcpcatcd for all the radiance channels, and the

results arc averaged for the channel pairs that arc symmetric about the line ccntcr. Other

f]uctuatiot] sollrccs,  such as the antenna pointing, arc either insignificant or very occasional

and, thcrcfcmc, ncglcctcct  in the analysis here.

‘J’hc uncertainty in the cstimatcct total radi:incc  variance is the functamcnta] linlit fOr

detecting cxtrcmcly  weak gravity wave signals, whit.]] dcpcncls  on the number of data points

avcra~cd  and the instrument noise. ‘1’0 rcctucc  this uncertainty, wc generally average

mcasurcmcnts  in a month within each latittl(lc-lo~lgitll(lc  grid. The statistical uncertainty of the

avcra~ccl racliancc variance, therefore, is rcciuccd significantly and given by

l&’-.+{,,,*/,’, where m is the total number of data avcragcci  within the grid. ];or

cxany>lc, an 80-variance average will make a wave variance of 10-3 K2 statistically significant

in the channc]  2 radiances.

5. Gravity Wave Variances

‘J’hc varimcc  maps prcsentcct in this sccticm arc 40-clay averages for two periods near

solstices: January (20 IIcccmbcr 1992-29 January 1993) and July (18 JUnC to 28 July 1993),

ccntcl  ccl on UARS yaw days. I;igure 10 shows the resulting maps at seven alt itudcs,  and

striking  fcatum  in these maps are ]argc amp]itudcs  associated with the stratospheric po]ar

vcnlcx in the winter hcmisphcrc  and subtropical l:ind masses in the summer hcmisphcrc.

‘1’hcsc features C. VOIVC with height and change remarkably above the s(ratopausc.

IIackgrounct  win(is arc cxpcctcd to play a major role in clctcrmining  the GW variance,

alnJ>lit  uctcs observed with Ml .S. Theoretical st udics [ Schocbcr] and Stmbcl  1984; Miyahara  ct

al. 1987] show that a strong background wind is a favored condition for GWS to propagate

vcriical]y  bccausc of the large intrinsic phase speed (i.e. diffcrcncc  bctwccn  Imrimntal  wave

phase speed and the background wincl) that prevents the waves from

in(crprct the cnhanccct  variance associated with the stratospheric polar

vcr(ically  propagating GWs as well. ‘1’his intcrprctaticm  is  mnsistcnt

observations in the ]owcr stratosphere [1 lar(mann C( al. 1989], wkrc a

was found  bet wccn mat 1- scale static stability and wind speed.

breaking. One. may

jet as the rcsu]t of

with some aircraf(

positive corrclaticm
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Figure 10(a). Maps of gravity  wave variances for .January.  1,atitudc  and longitwlc  bins arc
rcspec[ivcly  5° and 10° with more than 40 measurements in each gricl  point. ‘1’hc variances arc
jn a unit of K2 and colored in a logarithmic scale., i.e., 10gl O(G &, ). Winds (up to -1 hPa) arc
derive.d from the IJS National Mctcomlogie.al  Ckntcr cklta  [Manncy  ct al. 1994] and averag,cd
over the same periods,



l~igure lo(h).  As in Ijigure IO(a) but for JLIIY.
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It is the selcc[ivc  filtering  effect of (}1c Jctstrcarn that acts to reshape the wave spectrum

by allowing upstream propagating CiWs to grow more cfficicn(ly  with height than others, anti

Iikcly causes the variance cnhanccmcn(  observed in the jetstrcam. IIowcver, horizontal

fincstructurcs near the vortex can also contribute to the variance observed by Ml ,S, but wc

cannot quantify this contribution at present. As another result of background wind filtering,

the variances in the subtropics] summer hcmisphcrcs  show larger amplitudes at the latitudes

( 10°S-300S in January and 10°N-300N  in July) where. winds are stronger, “J’hc distribution of

these summr GW variances is consistent wi[h tha( of the ]argc-wavcnumbcr momentum fiLlx

calcu]atcd  from the CH:DI. SKYII1 high-resolution ~cncral  circulation model [Miyahara  et al.

1987], both enhanced over Madagascar, Australia, South Pacific and Rra~.il  during January.

1;0.8
10

,,, ,mm:,,: ;AF:A& “;;-’10- ‘

(a) (b)

ltigtlrc 11. Variance growth at different ]atituclcs  during (a) January and (b) July compared
with the exponential growth expected for non-breaking CiWs. ‘J’]Ic variances  arc normali~,ed
by the squarcci man ra(iiance brightness tcmpcraturc.

‘Jh spa[ia] distribution of variances S}1OWJ) in I:igure 10 also provicic information on

gravity wave sources such as tropc)spheric  convcc(ion  and surface topography. ‘J’roposphcric

cumulus convection, frequently occurring, in the summer over tropical anti subtropical land

masses, is most likely responsible for the large stratospheric variances obscrvcci near

Ma(iagascar,  Nor[h Australia an(i }Iraz,il  (iuring January, an(i South Asia, Central America and

North Africa during July. IIowcvcr, not all convcctivcly-generated GWs can propagate into

the stratosphere because of background win(i  structures. As (iiscusscci  above, the prcvailinx
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subtropical winds may play an important role to allow only some convective clisturbanccs  to

reach the. stratosphere. Topography related variances can be seen clcar]y in the maps from

channels 8 and 7/9, showing the enhanccmmts  over 1 :uropc, Asia and America cluring  January

and July, and over Andes during  July. l’hc ~.onal  ~isylnmctrics of the wintertime @streanls  in

the stratosphere arc generally bclicvcd  due to diffcrcnccs in surface topography and

tropospheric fm-cings bctwccn the twc) hemispheres, and GWS may provide a considerable

contribution to such structures.

The height variation of the normalized variances (Figure 11) reveals some important

aspects of the propagating nature of the obscrvccl perturbations. IIcspite very different

amplitude.s in the, lower stratosphere, these variances exhibit approximately the same growth

rate with height throughout the stratosphere, which is consistent with the theoretical

exponential growth for ncm-breaking GWS and rocket observations [}]irota and Niki 1985].

‘l’his property in variance growth further supports the gravity wave interpretation of the

r:idiallcc variance observations. Saturation of the nomaliz,cd  varjanccs  is obscrvccl in the

mcsosphcrc,  implying wave breakclown/satmition and momentum drag at these altitudes

[1 ~ritts  1984]. in ]’igurc 12, ~.onal  means of the normal  i~ccl  variances show that the saturation

OCCUJ.S IOWCX  mm the vor(iccs  (50 °N-700N  in January and 50 °S-700S in July) and subtropical

land masse.s (10°S-300S in January and 10°N-30”N in Ju]y). ‘1’his suggests that the

stratosphcrjc  jets would  be C] OSCCI at somewhat lower altitudes in these places, consistent with

the structure of climatological  mean renal winds during  these periods [};lcming ct al. 1 990].

Moreover, dynamic heating clue to the (;W brcakinS/saturation in the jctstrcams may rcvcrsc

the temperature lapse rate. remarkably and create tmlpcra[ure  inversion ]aycrs in the

mcsosphcre,  Rcccnt  maps of temperature inversions in the. ]msosphcrc  [1 ,eblanc  ct al, 1995]

show a distribution suppor[ed  by the, Ml ,S wave varjancc observations.

Alexander and } lolton  [this volLInm] have silnulated  the GW variances that woLdd be

c)bscrvcd  by Ml .S, using  a quasi -]incar model with a brcml wave spectrum input at the lower

boundary and convolving the predicted tcmpcraturc variations at higher altitudes with the

Wcig]lting  functions similar to those in lJigurc 2. in their simulations the GW forcins at lhc

10WCL bmmclary was set to bc uniform in l;ititucle and Iongituclc, left only with mean z,ona]

winds as variables affecting the wave spectra. As a rc.suit, a non-uniform distribution of the

tcmpcraturc  variance is obtained and strikingly similar to the variance maps observed by
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Ml ,S, very much catching the first-orcler  variability. ‘l’he non-uniform distribution resulted

fronl a uniform forcing again suggest the importance of background winds in gravity wave

propagation in the middle atmosphere. It is also suggested by their model  calculations that the

variances observed by Ml 3 are much likely due to the atmospheric GWS and hence useful for

validating some CJW parameteri~,ation  schemes.

g 3oL___ J
-90 -60 -30 0 30 60 90

LATITUDE

(a)

l~igum 12. Zonal mean nornudiz.ccl  GW
units of 10-7.

l;igurc  13 provides time series

“JULY”
~ 80

H 70
:>
~
~ 60
a
Ill
~ 50
z

$ 40
n
~ 30

-90 -60 -30 0 30 60 90
LATITUDE

(b)

variances for (a) January and (b) Ju]y. Con(ours  are in

of daily averaged wave vari anccs for the period of

October 1992-October 1993. Ascc~](li]~g-dcsce~~(lit]g  differences are evident  in the averaged

wave variances, implying complicatcci  propagation behaviors of the GWS. 1 zt us focus on the

features in the 0-40° latitude summer hemisphere which show a strong annual variation jr] the

stratosphere and a somewhat semiannual variation in the mcsosphcrc.  ‘1’hcsc variances, as

cliscusscd above, t}lcy are likely associated with the GWS generated by tropospheric deep

corlvcction  and reach the stratosphere with aid of’ strong westward winds. IIuring the

winter/sun~nlcr months the variances in the stratospl]erc  arc very scmitivc to the hfli ,S viewing

,gmmctry, showing a large diffcrcncc  before and after the yaw days. Since the variances

g,cncra]ly  vary slowly with (imc within a lJARS month (i.e., the time period bctwccn  two

a(ljaccrlt y a w maneuvers) for both ascending a n d  dcsccncling  orbits,  the sudcicr]

dccrcascs/incrcascs  in the varjanccs  after a yaw m:incuvcr  arc. dLIC to the changes of Ml ,S

viewing geometry with respect to propag:iting  GWs.
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l~igul’e  13(a). “1’inmlatitudc plots ofdai]y CiW v:trianccs  for asccndit~g nMMsLumm]ts.  ‘J’hc
first contour and contour interval, in units of K2, arc noted on the right of each panel.  A 5-clay
smoo[hing  is employed for each latituclc  band with  data gaps highlighted by shaded arms. “J’hc
large data gaps alternated at high latitudes arc caused by the lJARS yaw mancuvms. At a
g,ivcn latitmlc the Ml .S looking angle with respect  to the atmosphere is approximately the
same for an entire lJARS month.
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]/igLlr~ j~(~) As ill ]~igu~c  ]~(:1)  ~u(  f o r  cicsccnding  lllCiiSLII”CIllCIltS..  AS a l’CSLl]t  O f  thC y(l~
maneuver, the Ml .S viewing direction changes at a given latitude, providing an opportunity
fm observing wave propagation directions. To the. first-or(icr approximation, the variance
diffCt’CIICCS  between a.sccnding and descending Jncasurcmc,nts arc caused by the angle
variations between the instrument 1 K)V ancl wave vectors,
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The agreeable scenario has to bc

(hat the GWs at these lati[uclcs

pmpagatc castwarcl  ( in  oppos i te  of

backfiround  wincls) in order to explain

al] variance ctiffcrcnces  observcct from

the ascc.  nciing and dcsccncling

mcasurcmcn[s  [I:i.gurc 14]. As shown in

the cm]y analysis [};igures  8-9], the

COJIVO]Ll(iOll  O f t h e tcmpcrat  urc

wcigl~[ing  f u n c t i o n s  w i t h  a n  e a s t w a r d

propagat ing  GW can generate large

d i ffcrcnccs in the obscrveci variances

/-

Figure 14. Gravity wave propagation in a
background wimi, as suggested by the. MIS
wave variance observations, showing the
~.onal wave vector kl in opposite of the wincl
velocity U.

with (ii ffe,rcn[ viewing angles. “1’hcsc observations al-e consistent with the expectations

tllc simple gravity wave propagation theory [1 .inciz,cn,  1981 ] ant] the simulations in a

from

more

rca]isl ic atmosphere [A]exancicr ancl 1 lolton,  this volume]. It can bc also notcct  in };igure  13

that the pattern of asccnciing-cicsccndin~  ciiffcrcnccs changes with height, suggesting that the

wave propagation directions arc functions of altitude :is well as latitude.

6. Summary ancl Conclusions

‘1’k raciiancc fluctuations due to atmospheric (iWs have been considmcd  as “noise” to

the MI ,S retrieval, in fact, to most remote sensing tcclmic]ucs, This “noise” is rcfiectecl in the

[li-square analysis or crt’or budget analysjs  of desired proclucts [i.e., liishbcin  ct

1 ;ctz,cr  ancl Gillc 1994]. Ilowcvcr, this paper shows that the atmospheric temperature

can bc cxtractccl from the total raciiancc  variances with accurate. ancl frequent

al. 1996;

variances

on-board

calibration, and thcrcforc provide useful infornla(ion  on small -sca]c wave variability in the

midcilc  a t m o s p h e r e .

‘]’hc MLS m a p s  o f  CiW  a c t i v i t y  c a n  contribL]tc  s u b s t a n t i a l l y  t o  oLlr  k n o w l e d g e  o f

g r a v i t y  w a v e  g e n e r a t i o n ,  p r o p a g a t i o n ,  and brcakc]own,  w h i c h  pmviclc  :in o b s e r v a t i o n a l  b a s i s

f o r  r e f i n i n g  t h e  paramcterization  schcmcs  u s e d  i n  a t m o s p h e r i c  mociclings.  ‘1’hc  a d v a n t a g e  of

L]sing satel l i te  nlcasL]renlcnts  for (3W stuciics is t h e i r  c o n t i n u o u s  s p a t i a l  and t e m p o r a l  covcragc

w i t h  o n c  c a l i b r a t i o n  s t a n d a r d , IIigh-resolution  Ml .S l i m b - t r a c k i n g  an(i n o r m a l  l i m b - s c a n
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observations have clearly shown some detectable wave signals in the saturated radiances. “1’hc

major results from this new ciala SC( are summarimd in the followings:

●

●

●

●

●

l’hc MI .S 63 G1 lZ channe]s can measure atmospheric temperature fluctuations of small

(-100 km) horizontal  and large (> 10 km) vcr[ical scales in 30-80 km altitudes. I’or

instance, a variance of 10-3 K* can be statistical! y significant in a 10°x50 monthly averaged

map for channel 2 and 14 saturated ra(iianccs.

“1’hc  wave variances calculatcci from the saturated miianccs  reveal some interesting ncw

features geographically associatcci with the stratospheric polar vortices, tropospheric deep

convection z,oncs, and surface topography. Much of the obscrvcci  variance cnhanccmcnts

can bc explained with gravity waves propagating in strong background winds.

311c normalinxi variances show an cxpcctcd  exponential amplitu[ic  growth with height in

the stratosp}vmc  and saturation in the mcsosphcrc.

The wave variance is dominated by an annual variation in the stratosphere an(i a

semiannual variation in the mcsosphcrc.

Separate analyses of the ascending and cicsccmiin.g mcasurcmcnts show that the variances

arc sensitive 10 wave propagation directions, an(i suggest that the subtropical variances

associated with ciecp  convection arc likely causccl  by the gravity waves that propagate

upwar~i and eastward in the prevailing wcstwar(i stratospheric win(i,

IJurlhcr study of this data set wi]] bc focuscci  on the gravity wave spectrum an(i the

structures of the strong radiance perturbations in the stratospheric polar vortex. More (iifficu]t

questions such as, to what extent the vortex fincstructum  con(ributc to the Ml .S radiance

variances, and how gravity and planetary waves interact with each other, nceci to bc answered,

‘1’hc limb-tracking data arc particularly useful for a(i(iressing  these questions and ncc(i  to be

fully explored in the future. More a(ivances  in the GW observations arc anticipateci  while the

UARS h4i ,S continues collecting data with the limb-tracking mo(ie.

‘l’he tcchnic]uc dcscribc(i  in section 4 for variance analysis is for genera] purposes an(i

can bc usc(i for n~casurcmcnts  from the Ml .S 183  C7}IX c}lannc]s as WC]], Similar to the 63

G] lz, radiometer, the 183 G} 1~, ra(iianccs  will saturalc  to (hc atmospheric tcmpcraturc of’

various attitude layers. ‘l’he diffmmccs,  however, arc their tcrnpcraturc weighting functions

an(i a narrower bcamwicith  for the 183 ~J}]~, channc]s.  ‘1’hcsc ciiffcrcnccs allow us to compare
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the variances calculated  from the two radiomc(crs  so as to gain more knowledge about the

hcighl  variation of tcmpcraturc fluctuations.
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K1iYWORIXV ABSTRACTS: gravity wave/ satellite observations/ polar vorlcx/  deep
convcciion/ surface topography/ mean winds/ tcmpcraturc variance/ microwave radiance

The Upper Atmosphere Research Satellite Microwave 1.imb Sounder has observed small- and
mcso- scale tcmpcraturc fluctuations with its 63 G] Iz, saturated radiances in 30-80 km
altitudes. ‘1’hcsc fluctuations, showing phase cohcrcncc  and amplitude growth with height, arc
likely caused by the gravity waves of vcr(ical  wavclcngihs  greater than 10 km. A variance
analysis, used to extract the temperature variance from total observed radiance variance,
allows us to map gravity wave activity on a global-and-monthly basis. Wave variance maps
and climatology arc currently obtainccl for C)ctobcr  1992 - C)ctobcr 1993, showing interesting
features associated with stratospheric polar vorticm, tropospheric deep convection, ancl
surface topography during winter/sunlnlcr months, :ind a predominant annual (semiannual)
variation is found in the stratosphere (mcsosphcre).  It is shown that separated analyses for
ascending and clcsccnding,  mcasurcmcnts can be used to infer wave propagation directions.


